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Abstract
As a rule, the orbital velocities of “hot Jupiters,” i.e., exoplanets with masses
comparable to the mass of Jupiter and orbital semi-major axes less than 0.1 AU, are
supersonic relative to the stellar wind, resulting in the formation of a bow shock.
Gas-dynamical modeling shows that the gaseous envelopes around “hot Jupiters”
can belong to two classes, depending on the position of the collision point. if the
collision point is inside the Roche lobe of the planet, the envelopes have the almost
spherical shapes of classical atmospheres, slightly distorted by the influence of the
star and interactions with the stellar-wind gas; if the collision point is located
outside the Roche lobe, outflows from the vicinity of the Lagrangian points L1 and
L2 arise, and the envelope becomes substantially asymmetrical. The latter class
of objects can also be divided into two types. If the dynamical pressure of the
stellar-wind gas is high enough to stop the most powerful outflow from the vicinity
of the inner Lagrangian point L1, a closed quasi-spherical envelope with a complex
shape forms in the system. If the wind is unable to stop the outflow from L1,
an open aspherical envelope forms. The possible existence of atmospheres of these
three types is confirmed by 3D numerical modeling. Using the typical “hot Jupiter”
HD 209458b as an example, it is shown that all three types of atmospheres could
exist within the range of estimated parameters of this planet. Since different types
of envelopes have different observational manifestations, determining the type of
envelope in HD 209458b could apply additional constrains on the parameters of
this exoplanet.
1 Introduction
“Hot Jupiters” are currently the most intensively studied class of exoplanet. The
reason is that these massive gaseous planets (with masses of the order of a Jupiter mass)
are located in the immediate vicinity of the star (at distances not exceeding 0.1 AU [1]).
This makes it possible to obtain the most reliable observational data. Precisely these
objects were the first exoplanets discovered [2], and therefore they have been studied
the longest. In principle, the most promising objects for detailed studies are transiting
exoplanets, i.e., planets whose inclination (the angle between the line of sight and orbital
plane) is so small that it is possible to observe the planet when it crosses the stellar
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disk. In this case, combining radial-velocity measurements for the star and spectral and
photometric observations of a transit, it is possible to determine both the mass and radius
of the planet. Moreover, it is possible to obtain absorption spectra of the upper layers of
the planetary atmosphere, which provide information on its structure and composition.
The first transiting “hot Jupiter” HD 209458b was discovered in 1999 [3]. Currently,
about 300 transiting exoplanets are known and more than 50% are “hot Jupiters”.
Note that observations of “hot Jupiters” by the Hubble Space Telescope (HST) provide
evidence for complex physical processes in the gaseous envelopes (atmospheres) of these
planets. For example, the Ly-α absorption during the transit HD 209458b reaches 9%-
15% [4–6], while the disk of the planet reduces the brightness of the star by only 1.8%.
This means that the planet is enshrouded by an extended neutral-hydrogen envelope
whose size exceeds the Roche lobe of the planet. This was later confirmed by transit
observations in lines of carbon, oxygen, and silicon [7–9]. The depth of the transit in lines
of these species reached 8%÷ 9%. Two main hypotheses have been proposed to explain
this. The first envisages expansion of the envelope due to heating by stellar radiation,
resulting in outflow at a rate of ∼ 1010 g/s. Several one-dimensional atmosphere models
with strong outflows of matter were computed to test this hypothesis [10–12]. The second
hypothesis is based on the possibility of charge exchange by ions of the stellar wind and
atmospheric atoms [13]. The atoms formed have high enough energy to overcome the
gravitational potential of the planet, and, hence, can form an envelope around the planet.
The existence of large gaseous envelopes around “hot Jupiters” was confirmed by ob-
servations of HD 189733b [14] and WASP-12b [15, 16]. Moreover, observations of these
planets led to the discovery of an even more interesting phenomenon – an offset be-
tween the ingress or egress in different spectral ranges. This was first discovered by
Fossati et al. [15] in 2009, who observed the transit of WASP-12b in the UV using the
HST. UV observations were carried out in several 40 A˚-wide bands. According to these
observations, in some light curves, the ingress starts in the UV about 50 min earlier than
in the visual. This provides evidence for intervening absorbing material at a distance of
about 4-5 planetary radii.
It was suggested that this matter may flow from the planet to the star [17, 18], or
that a bow shock has formed due to the intrinsic magnetic field of the planet [19–21].
However, in the first hypothesis, the envelope is completely open and, for currently ac-
cepted parameters of WASP-12b, its lifetime should not exceed several years. The second
hypothesis requires an appreciable magnetic field, which is hard to explain if, as is typical
for “hot Jupiters”, the planet rotates synchronously with the star. Bisikalo et al. [22]
suggested that the early ingress could be due to the formation of a closed, aspherical
envelope around WASP-12b that substantially exceeds the Roche lobe. This envelope
forms due to the outflow of the planetary atmosphere through the vicinity of L1 and L2.
The supersonic motion of the planet in the stellar-wind gas results in the formation of a
complex bow shock, which constrains the outflow of the matter through the Lagrangian
points and makes the envelope stationary and long-lived. Additional properties of the
gaseous envelopes formed were derived from Ly-α observations of the late phases of the
transit of the planet HD 189733b [23]. In particular, it was shown that the late egress is
due to absorption in the flow directed toward the observer.
Our numerical modeling in the present study showed that the formation of aspherical
envelopes is quite common for the “hot Jupiters”. Moreover, it became clear that these
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envelopes can be both closed and open, i.e., conserving or losing mass, respectively. We
carried out a series of computations of gas-dynamical interactions of the atmosphere of
the exoplanet HD 209458b with the stellar wind for various atmospheric parameters found
in the litera- ture, with the aim of finding criteria that differentiate the three types of
envelopes – closed, quasi-closed, and completely opened [1, 11, 12, 24].
The paper is organized as follows. In Section 2, we consider analytically criteria
defining the three types of envelopes, and suggest a method that can be used to estimate
the type of envelope forming using the known parameters of an exoplanet. Section 3
describes our numerical model and presents the results of our 3D gas-dynamical compu-
tations. Section 4 summarizes the main results, which confirm existence of three types
of gaseous envelopes around “hot Jupiters”.
2 Physical basis for the classification of the atmo-
spheres of “hot jupiters”
Let us consider a star-planet system with a circular orbit and synchronously rotating
components. We will also assume that the magnetic field is weak and does not appreciably
influence the gas dynamics of the outer layers of the planetary atmosphere. In the absence
of external forces, the atmosphere of the gas giant should be spherical. The atmospheres
of “hot Jupiters”, which are typically located close to their star, are influenced by several
additional forces which give rise to deviations from a spherical shape. First and foremost,
these are the forces described by the Roche potential – the gravitational attraction of the
components and the centrifugal force:
Φ = −
GM∗√
x2 + y2 + z2
−
GMpl√
(x− A)2 + y2 + z2
−
1
2
Ω2
((
x−A
Mpl
Mpl +M∗
)2
+ y2
)
, (1)
where G is the gravitational constant, Mpl the mass of the planet, M∗ the mass of the
star, Ω the angular velocity of the star-planet system, and A the radius of the planet’s
orbit. The Roche potential has five libration points at which its gradient is zero. The
two located in the immediate vicinity of the planet are most important for studies of the
atmosphere: L1 and L2. L1, also called the inner Lagrangian point, is located between
the planet and the star. The equipotential surface passing through L1 delimits the Roche
lobes of the planet and star. Since all forces in Eq. (1) are balanced at L1, matter can flow
freely from the planet to the star through L1 under the action of the pressure gradient.
Another important effect in determining the shape and size of the atmosphere of a
“hot Jupiter” is the interaction of the atmosphere with the stellar wind. Since the typical
scales of the orbits of “hot Jupiters” are small, their orbital velocity is usually higher than
the sound speed in the interplanetary medium, so that a bow shock should form. In this
case, a gas-dynamical structure should form in the vicinity of the planet, consisting of
this shock and a contact discontinuity separating the gas of the atmosphere and the
stellar wind. The impact of the stellar wind can be assessed by considering momentum
conservation, written for a tangential discontinuity [25]:
ρ1v
2
1 + p1 = ρ2v
2
2 + p2, (2)
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where ρ1, ρ2 are densities, v1, v2 are velocities, and p1, p2 are the pressures on either
side of the discontinuity. For a fixed, spherical, isothermal atmosphere located in the
gravitational field of a point mass, the density and pressure depend on the radius r as
ρatm(r) = ρ0 · exp
{
−
G Mpl
RgasTatm
(
1
r0
−
1
r
)}
patm(r) = ρatmRgas Tatm
, (3)
where ρatm is the density of the atmosphere at the radius r, ρ0 the corresponding density
at some radius r0 (usually taken to be the photometric radius of the planet), Rgas the
gas constant, Tatm the temperature of the planet, and patm the atmospheric pressure at
the radius r.
Substituting the density and atmospheric pressure into the left-hand side of (2), and
the density, pressure and velocity of the stellar wind incident onto the atmosphere into the
right-hand side of (2), we obtain an equation similar to the equation used to determine
the shape of the atmosphere in [26]:
patm(r) = ρwvw
2 cos2(n,vw) + pw, (4)
where ρw is the wind density, vw the velocity of the wind, and n the vector normal to the
surface of the atmosphere. Equation (4) can be used to find the shape of the windward
side of the atmosphere, directly interacting with the stellar wind. The head-on collision
point (HCP), where cos(n,vw) = 1, is located closest to the center of the planet.
The shape of the atmosphere, distorted by the wind pressure, is shown in Fig. 1.
The stellar-wind velocity field in Fig. 1 is shown in the reference frame rotating with the
star-planet system. Since the velocity of the orbital motion of the planet is added to the
radial velocity of the wind, the flow incident onto the atmosphere will be inclined relative
to the axis connecting the system components. Accordingly, the symmetry axis of the
atmosphere will also be tilted.
As the pressure of the atmosphere depends on the density ρ0 and the temperature,
varying these parameters, it is possible to obtain either an atmosphere that is located
completely inside the Roche lobe of the planet, or that partially extends beyond the
Roche lobe. Solving (4) for various values of ρ0 and T , it is possible to define parameters
for which the HCP of the atmosphere and stellar wind will be inside or outside the Roche
lobe. When the HCP is located inside the Roche lobe, the atmosphere is closed. When
this is not the case, outflows can form. The solid curve in Fig. 2 separates the regions
of completely closed (below the curve) and outflowing (above the curve) atmospheres
calculated for the explanet HD 209458b using stellar-wind parameters similar to those
for the solar wind [27].
If the atmospheric parameters correspond to the region above the solid curve in Fig. 2,
outflows from the vicinity of the inner Lagrangian point L1 can form
1. As was shown
in [22], such outflows (flows from the points L1 and L2) can sometimes be stopped by the
dynamical pressure of the stellar wind. We can theoretically estimate the distance where
the flow from L1 can be stopped and a criterion for this to occur using (2), substituting
1Since the points L2 and L1 arise almost synchronously with changes in the atmospheric parameters,
we will discuss the criteria for the opening or closing of L1 only.
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Figure 1: The shape acquired by the atmosphere of a “hot Jupiter” under the action
of the stellar wind. The velocity field and contour lines of the density in the equatorial
plane are shown. The dashed lines show contours of the the Roche potential.
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Figure 2: Parameters of the atmosphere of HD 209458b (temperature and number density
of the matter at the photometric radius) for which the planet’s atmosphere can correspond
to the one of the three identified types. Below the solid line are the points for which
the atmosphere will be closed lie below the solid curve. The existence of a quasi-closed
envelope in which the flow from L1 is arrested by the stellar wind is possible in the shaded
area. The region of open atmospheres lies above the dashed curve. The dots show the
values obtained in [11] and [1]. The rectangular area corresponds to the range of values
given in [24] for the upper atmosphere. The diamonds show the parameters for which 3D
modeling was carried out in the present paper.
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Figure 3: Ballistic trajectory of the flow from L1 (bold gray line). The dashed line shows
the contour of the Roche potential passing through L1. The center of the planet is located
at (0, 0). The arrows crossing the path of the streamline indicate the direction of the
stellar wind in a reference frame rotating with the star-planet system. The solid gray
arrows show the direction of the radial motion of the wind. The dashed gray arrow shows
the direction of the orbital motion of the planet. The dark gray circle on the ballistic
trajectory corresponds to the point where the flow direction is collinear to the direction
of the stellar wind.
the flow parameters (density ρs, velocity vs, and pressure
2 ps = ρs · Rgas · Tatm) into one
side and the parameters of the wind into the other. Since we are interested in a criterion
for the flow to be stopped (not deflected), we will consider only those points along the
flow where a HCP can exist, i.e., the the velocities of the flow and the wind are collinear.
Figure 3 shows schematically the ballistic trajectory of the flow from L1. The arrows
crossing the path of the flow indicate the directions of gas streams in the stellar wind
at the corresponding points of the flow. At a certain point (indicated by the light gray
circle), the direction of the flow is collinear to the stellar-wind velocity. This makes it
possible to solve (2). For the exoplanet HD 209458b, this point is at a distance of ∼ 7Rpl
from L1. This position corresponds to the position of the bow shock that gives rise to the
early ingress in the UV, at a distance of ∼ 4.8Rpl ahead of the planet projected onto the
stellar limb, remarkably consistent with observations of the early ingress in the WASP-
12b system [15]. For the adopted wind parameters, the density of the flow at this point
must be ∼ 10−18g/cm3 to stop the flow. If the density of the flow exceeds this value, the
flow will continue to move outward and cannot be stopped, since there will be no points
2The assumption that the flow has the same temperature as the atmosphere along its entire extent is
acceptable, because the heating of the flow gas should proceed similarly to heating of the outer parts of
the planetary atmosphere.
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Mass of the planet 0.64 MJup
Mass of the star 1.1 M⊙
Radius of the planet 1.32 RJup
Radius of the star 1.1 R⊙
Semi-major axis of the orbit 0.045 A.U.
Orbital period 3.5 day
Table 1: Parameters of the HD 209458 system [9]
where the flow velocity and wind velocity will be collinear along its subsequent path. If
the flow density is below the critical value, the flow can be deflected, and the HCP will
move to the position where the condition (2) is satisfied.
Let us determine the criteria under which a flow of matter cannot be stopped by the
dynamical pressure i.e., the planet efficiently (over several years) loses its atmosphere.
To do this, we must compute the critical density ρ∗0(Tatm), distinguishing solutions with
quasi-closed atmospheres (ρ0 < ρ
∗
0) corresponding to outflows that are stopped by the
stellar wind, leading to the formation of extended aspherical envelopes, from solutions
with open atmospheres, for which ρ0 > ρ
∗
0. These calculations must take into account
several important physical effects. Since the flow is accelerated by the gravitational field
of the star, the flow density should decrease toward the star. We can use the known
equations for flow acceleration [28] and the Bernoulli equation to determine the rate of
decrease of the flow density during the flow propagation. Assum- ing that the flow density
at L1 is the equilibrium density of the atmosphere, we can calculate the density at the
photometric radius ρ0, knowing the density at the point where the flow stops. Since
the value of the critical density depends on the adopted temperature of the atmosphere
[see (3)], the final critical density should be searched for in the form ρ∗0(Tatm).
The critical density corresponding to quasi-closure of the atmosphere for the exoplanet
HD 209458b is shown by the dashed line in Fig. 2. All points located in the shaded
area between the two curves correspond to the solutions with quasi-closed atmospheres.
Essentially all the atmospheric parameters obtained for HD 209458b are located in the
area of closed or quasi-closed atmospheres, within the parameter uncertainties [24].
3 Simulation results for atmospheres of various types
The computations were carried out using the numerical model described in [22]. The
parameters of the components of the HD 209458 system are listed in Table 1. The
velocity of the motion of the planet in the system is 141 km/s. For the adopted stellar-
wind parameters, similar to the solar-wind parameters at the same distance from the
star, Tw = 7.3 · 10
5 K, nw = 1.4 · 10
4 cm−3, vw = 100 km/s [27], the orbital motion of the
gas is supersonic, with a Mach number of M = 1.4.
As in [22], the flow is described by a 3D system of gasdynamical equations closed with
the equation of state for a neutral, ideal monatomic gas. Nonadiabatic radiative cooling
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Model T, K n, cm−3
1 6000 2 · 1010
2 7000 5 · 1010
3 7500 1 · 1011
4 8000 2 · 1011
Table 2: Parameters of the atmosphere used in the modeling: temperature and number
density at the photometric radius.
of the gas was not included. The system of gas-dynamical equations was solved using
a Roe-Osher TVD scheme with the Einfeldt modification. This method is described in
detail in [29, 30].
The calculations were performed in a rotating reference frame with the coordinate
origin at the center of the star. To approximately include the acceleration of the stellar
wind, the force field was described by a modified Roche potential:
Φ = −Γ
GM∗√
x2 + y2 + z2
− Γ
GMpl√
(x− A)2 + y2 + z2
−
1
2
Ω2
((
x− A
Mpl
M∗ +Mpl
)2
+ y2
)
,
(5)
where Γ – is a parameter that is equal to 0 in regions filled by the stellar wind, and to
1 otherwise. This approach enabled us to keep the radial velocity of the stellar wind
constant on the scales encompassed by the computational domain.
The calculations were made on a Cartesian grid. The coordinate origin was placed at
the center of the star, theX axis was directed toward the planet, the Z axis coincided with
the axis of rotation and was perpendicular to the orbital plane of the system, and the Y
axis completed the right-handed system. The computational domain was (20× 20× 10)
Rpl in size, and the grid resolution was 464 × 464 × 182 cells. The grid became denser
along the X and Y directions toward the center of the planet, with q = 1.011. This
coefficient was chosen to ensure that the density gradients at the inner boundary of the
computational domain were not too high.
The parameters of the atmosphere were specified according to the latest estimates [12].
The spread of these parameters is shown by the rectangle in Fig. 2. For the calculations
we selected four pairs of parameters covering the entire area along a diagonal. The model
parameters are listed in Table 2. This set of parameters enables the construction of all
three types of atmospheres suggested by analytical considerations.
Results of numerical simulations for four sets of adopted parameters are shown in
Figs. 4–7. The resulting gas-dynamical patterns are very different.
In Model 1 (Fig. 4), a closed atmosphere is obtained, with the stellar wind streaming
around it. A symmetrical bow shock forms, with an approximately spherical shape near
the HCP and tending to a Mach cone at some distance from this point. The contact
discontinuity delimiting the size of the atmosphere is located completely inside the Roche
lobe of the planet. In general, the shape of the planet’s atmosphere deviates only slightly
from a sphere.
In Model 2 (Fig. 5) the shape of the atmosphere is substantially aspherical. The
HCP is further from the planet than in Model 1, but remains within the Roche lobe.
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Figure 4: Results of computations for Model 1. Contour lines of the density and velocity
vectors in the equatorial plane of the system are shown. The center of mass of the planet
is at (0, 0); the units of the distance are Rpl. The dashed curves show the equipotential
lines of the Roche potential.
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Figure 5: Same as Fig. 4 for Model 2.
11
Figure 6: Same as Fig. 4 for Model 3.
12
Figure 7: Same as Fig. 4 for Model 4.
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Two bulges directed toward the points L1 and L2 are clearly visible. These lead to a
pronounced change in the shape of the bow shock and contact discontinuity. The width
of the tail is much larger than in Model 1. Interestingly, the matter does not flow toward
the star from L1, but there is a little outflow from the atmosphere through the vicinity of
L2. Thus, the atmosphere is partially open, although the analytical estimates suggested
the atmosphere should be closed for this set of parameters (Fig. 2). This indicates the
estimated accuracy of the analytical estimates to be a few percent; this is understandable,
since gas- dynamical effects were not taken into account.
Figures 6 and 7 show the results for Models 3 and 4. It is evident that the nature of the
matter flows has changed qualitatively. Two powerful streams from the vicinity of L1 and
L2 have formed. In contrast to the solutions typical for outflows in close binary stars [30],
the areas of formation of the flows have considerable dimensions. The flow from L1 starts
in a fairly large region between the Lagrangian point and the upper edge of the Roche
lobe. The base of the flow from L2 has roughly the same size. However, further along the
flows, they become markedly different. While the flow from L1 gradually narrows, the
flow from L2, on the contrary, expands significantly. The density contours clearly show
that, at a given distance from the planet, the densityis much higher in the flow from L1
than in the flow from L2. Note that the flow from L2 contains an additional shock along
the stream, which probably originated as a result of the decay of the discontinuity at the
boundary of the flow and the atmosphere.
The bow shock in this solution is a complex of two shocks, one formed around the
atmosphere and the other around the stream from L1. Another shock forms in the place
where they intersect, extending from the intersection of the stream and atmosphere to a
kink in the shock at the junction of its two branches. The HCP is located at the edge of
the outflow from L1. The bow shock in front of the atmosphere occupies a much larger
fraction of the computational domain compared to the previous models. At the HCP, it
extends to the boundary of the Roche lobe. A wide tail forms behind the planet. Since
it forms both behind the planet and behind both flows, its width is much larger than the
width of the tail in the previous models.
Despite the similar flow patterns in Models 3 and 4, they are fundamentally different.
The solution in Model 3 is quasi-closed, i.e, the outflows from the Lagrangian points are
partially stopped by the action of the stellar wind, and a closed envelope with a small
outflow of matter along the discontinuity forms. The outflow from L1 is not stopped in
Model 4, and continues to propagate in the direction of the star, with all matter stored
in it leaving the envelope, leading to a high mass loss. The fate of this matter is of
interest, since the formation of a torus of dense matter or even of a disk is possible in
such a system. Despite the numerical complexity of this problem, we plan to carry out
the necessary modeling in later studies.
4 discussion and conclusions
The analysis presented in this paper supports the idea that the gaseous envelopes
around “hot Jupiters” can be classified accordind to three types. Most importantly, it
is necessary to identify closed envelopes, formed in systems where the head-on collision
of the flow with the stellar wind occurs inside the Roche lobe. Depending on the degree
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of filling of the Roche lobe, its shape may deviate from spherical, but they clearly lack
significant outflows of matter. If the head-on collision point, and, therefore, some of
the atmosphere, lie outside the Roche lobe, a significant outflow from the vicinity of the
Lagrangian points L1 and L2 begins. In this case, some of the envelopes may be limited
in size, since the flows arising due to Roche-lobe overflow can be stopped by the stellar
wind. As a consequence, quasi-closed, stationary, long-lived, and appreciably aspherical
envelopes form. If the wind can not stop the flows, an open, aspherical envelope forms
in the system.
Clearly, this classification depends on the degree of Roche-lobe filling by the plane-
tary atmosphere, i.e., on the temperature and density of the upper atmosphere. Since
the orbits of “hot Jupiters” are close to their parent stars, their upper atmospheres are
exposed to intense flows of plasma and radiation from the stars. As a result, these plan-
ets have dense and extended thermospheres and ionospheres. Preferential absorption of
stellar radiation in the soft X-ray and extreme ultraviolet occurs in the upper atmo-
sphere, considerably increasing the atmospheric temperature and possibly leading to the
overflow of the planet’s Roche lobe. Aerodynamical models of the upper atmosphere of
HD 209458b [10–12] assume that, when temperatures of the order of several thousand
Kelvin and densities of 1010−1011cm−3 are reached, the thermal destruction of molecular
hydrogen occurs, and a transitional H2 → H region forms in the lower thermosphere
of the exoplanet. The photoionization of atomic hydrogen begins to play the dominant
role in the upper thermosphere. Accordingly, the composition of the upper atmosphere
varies with altitude as H2 → H → H
+, and this becomes an additional factor in the
formation of an extended atmosphere, since this change is accompanied by an increase in
the characteristic scale height, and the gas temperature reaches several thousand Kelvin.
Indeed, a recent study of the lower atmosphere based on photochemical modeling [31]
found that the molecular hydrogen in the atmosphere dissociates predominantly at pres-
sures below about 1 microbar. Above this level, in the thermosphere, the gas is heated
to high temperatures, since (i) the absorption of intense flows of extreme UV radiation
from the parent star occurs there and (ii) due to the atomic struc- ture of the gas, no
mechanisms for radiative cooling operate efficiently under these conditions. A recent
model for the upper atmosphere of HD 209458b [12] provides estimates of possible vari-
ations of the average (over the pressure) temperature of the upper atmosphere, resulting
from calculations based on a hydrodynamical model. It was shown that, if the heating
efficiency changes from 0.1 to 1.0, the average temperature in the upper atmosphere of
HD 209458b varies from 6000 to 8000 K. Precisely this range of mean temperatures for
the upper atmosphere of the “hot Jupiter” HD 209458b was used in calculations of the
gas dynamics of the interaction of the neutral planetary atmosphere with the stellar wind.
The results of our 3D numerical simulations have confirmed the possible existence of
all three types of atmospheres noted above. For the derived parameters of HD 209458b,
all three types of envelopes can exist. Accordingly, since different types of envelopes
have different observational manifestations, observational determinations of the type of
envelope present could be used to impose additional constraints on the parameters of
HD 209458b.
The applicability of the three types of envelopes considered to the various observed
“hot Jupiters” and the criteria that can be used to discriminate between them are fun-
damental questions. The problem is that the analysis shown in Fig. 2, which provided
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estimates of the critical density and temperature, is quite approximate, since it ignores
a number of gas-dynamical effects. First and foremost, we did not take into account the
possible deviation of the trajectory of the stream from a ballistic path. The approxima-
tion we have used is valid only if the density of the stream is much higher than the density
of the ambient gas. If this is not the case, the HCP where the gas velocity and stream
velocity are collinear could shift closer to or away from L1, leading to a correction of the
critical density ρ∗0. However, a comparison of our estimates and the calculation results
shows that, due to the supersonic motion of the flow, gas-dynamical effects change the
trajectory only slightly, requiring corrections of no more than a few percent. However,
note that the interaction of the stream with the stellar wind can only lead to a shift of
HCP down the Y axis in Fig. 3. This imposes a constraint on the onset of the eclipse
caused by the stream.
Another important assumption is that various parameters of the stream, such as its
temperature and cross-section, remain constant. The temperature can remain constant
if the main source of heating is irradiation by the star. However, since there is a hot
shock just ahead of the stream, the tempera- ture may increase as matter moves from
L1 to the HCP. The cross-section of the stream can also vary due to the compression of
the stream by the stellar wind and the variation of the temperature. It is very difficult
to take into account these and similar effects in analytical estimates, and simulations
that correctly take into account the radiative transfer are no less difficult. Nevertheless,
although the inclusion of radiative-transfer effects could result in significant changes of
the basic parameters of the atmospheres, the criteria distinguishing the different types of
atmospheres should, in general, remain the same.
Finally, our analysis has used a simple model for the stellar wind with zero tangential
velocity, constant radial velocity, and the density decreasing proportional to the square
of the distance from the star. These approximations may be valid for systems where the
star rotates synchronously with the planetary orbit (or there is no substantial magnetic
field to impart a rotational component to the stellar wind), and the stream stops fast
enough so that we can neglect the gradient of the radial wind velocity. However, all three
types of envelopes should also exist in this case, and the criteria distinguishing between
them should not change significantly. Fundamental changes in the solution presented
are possible only if the matter that has left the planetary atmosphere forms a torus-like
envelope or disk. In this case, the problem becomes appreciably nonlinear (the gas of the
atmosphere is added to the gas of the wind and changes the parameters from orbit to
orbit), and the application of the above criteria becomes difficult. The influence of these
effects requires further study. However, our assertion of the existence of three types of
atmospheres also remains valid in this case.
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